Arabidopsis mitochondrial voltage-dependent anion channel 3 (AtVDAC3) protein interacts with thioredoxin m2  by Zhang, Min et al.
FEBS Letters 589 (2015) 1207–1213journal homepage: www.FEBSLetters .orgArabidopsis mitochondrial voltage-dependent anion channel 3
(AtVDAC3) protein interacts with thioredoxin m2http://dx.doi.org/10.1016/j.febslet.2015.03.034
0014-5793/ 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
Author contributions: Xinxin Zhang and Shenkui Liu conceived and supervised the
study; Xinxin Zhang and Min Zhang designed experiments; Min Zhang performed
experiments and wrote the manuscript; Tetsuo Takano provided precious sugges-
tions on experiments; Xinxin Zhang and Min Zhang made manuscript revisions.
⇑ Corresponding author at: Hexing Road No. 26, Xiangfang District, Harbin City,
Heilongjiang Province 150040, China. Fax: +86 0451 82192763.
E-mail address: xxzhang@nefu.edu.cn (X. Zhang).Min Zhang a, Tetsuo Takano b, Shenkui Liu a, Xinxin Zhang a,⇑
aKey Laboratory of Saline-alkali Vegetation Ecology Restoration in Oil Field (SAVER), Ministry of Education, Alkali Soil Natural Environmental Science Center (ASNESC),
Northeast Forestry University, Harbin 150040, China
bAsian Natural Environment Science Center (ANESC), The University of Tokyo, 1-1-1 Midori Cho, Nishitokyo-shi, Tokyo 188-0002, Japana r t i c l e i n f o
Article history:
Received 29 January 2015
Revised 20 March 2015
Accepted 29 March 2015
Available online 8 April 2015






NaCl stressa b s t r a c t
Voltage-dependent anion channels (VDACs) are conserved mitochondrial outer membrane proteins.
A yeast two-hybrid screen identiﬁed interaction between Arabidopsis VDAC3 and the chloroplast
protein thioredoxin m2 (AtTrx m2). This was conﬁrmed via pull-down assay. A bimolecular ﬂuores-
cence complementation assay located the interaction in mitochondria. AtVDAC3 and AtTrx m2 tran-
scripts were expressed in multiple tissues and up-regulated by abiotic stress. Under NaCl stress,
AtVDAC3 overexpression inhibited growth and increased H2O2 accumulation, while AtTrx m2
overexpression conferred resistance to NaCl and reduced H2O2. Results indicate that both
AtVDAC3 and AtTrx m2 are involved in ROS signaling and play opposite roles in NaCl stress response.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Voltage-dependent anion channels (VDACs) are highly con-
served proteins of the mitochondrial outer membrane; they are
key players in energy metabolism and metabolite transport
between mitochondria and the cytoplasm [1–4], as well as in
mitochondria-mediated cell death [5–7]. Most functional studies
of VDACs in plants have focused on their roles in programmed cell
death [4–7], but several studies report that VDAC expression in
plants such as rice [8,9], Arabidopsis thaliana [10], tobacco [11],
pearl millet [12], and Lotus japonicas [13] is affected by abiotic
and biotic stresses, including cold, drought, salinity, and patho-
gens. In Arabidopsis, the biochemical and physiological functions
of four VDAC isoforms have been characterized, two of which are
important for plant growth [14–19]. Specially atvdac2 and atvdac4
mutants exhibit slowed plant growth, reduced fertility, yellow
spots in leaves, high levels of reactive oxygen species (ROS), and
low mitochondrial membrane potential [14–16]. The atvdac2mutation also produces an abscisic acid (ABA)-insensitive pheno-
type [17], while atvdac1 seedlings exhibit faster germination kinet-
ics under cold stress and enhanced tolerance to freezing [18]. These
results indicate that AtVDAC2 and AtVDAC4 are important for
plant growth and may function in response to environmental
stress. In contrast, atvdac1 and atvdac3 mutations do not produce
a distinct growth phenotype under normal conditions [14,15,19].
However, little is currently known about the role of VDAC protein
in stress responses.
Several interaction partners of VDACs have been identiﬁed. In
mammals, these include hexokinase (HxK) [20], BAK and Bcl-2
family proteins [21,22], mitochondrial heat shock protein 70 [23],
serine/threonine glycogen synthase kinase 3 (GSK3) [24], and
Bcl-2/adenovirus E1B 19-kDa interacting protein 3 (BNIP3) [25].
In Arabidopsis, AtVDAC1 is known to interact with the calcium sen-
sor CBL1 (Calcineurin B-like protein 1) [18] and AtVDAC3 speciﬁ-
cally interacts with AtKP1 (kinesin-like protein 1) to regulate the
respiration pathway during seed germination at low temperatures
[26].
To elucidate the function of AtVDAC3, we sought interaction
partners using a yeast two-hybrid screen. This revealed interaction
with the chloroplast protein thioredoxin m2 (AtTrx m2,
At4g03520), which was conﬁrmed via pull-down and bimolecular
ﬂuorescence complementation (BiFC) assays. In addition, expres-
sion of AtVDAC3 and AtTrx m2 was determined in different tissues
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effects of NaCl stress on phenotype and ROS production in trans-
genic Arabidopsis overexpressing either AtVDAC3 or AtTrx m2.
2. Materials and methods
2.1. Yeast two-hybrid (Y2H) screening
For yeast two-hybrid assays, the open reading frame (ORF) of
AtVDAC3 was ampliﬁed using primers VDAC3-Y2H-F and VDAC3-
Y2H-R (all primers used in this study are listed in Table S1). The
PCR product was cloned into the pGBKT7 vector to generate
pGBKT7-AtVDAC3. We searched for candidate interaction partners
of AtVDAC3 by screening the Arabidopsis cDNA library (Mate &
Plate™ Library—Universal Arabidopsis) with the Matchmaker™
Gold Yeast Two-Hybrid System, as described by the manufacturer
(Clontech). Plasmids containing cDNA of putative AtVDAC3-inter-
acting proteins were isolated from the blue colonies selected on
SD/–Leu/–Trp/–His/–Ade+AbA+X-a-Gal medium, and cDNAs were
sequenced. One cDNA of the identiﬁed AtVDAC3-interacting pro-
tein, AtTrx m2, was cloned.
To verify the results of Y2H screen, AtVDAC3 was digested from
pGBKT7-AtVDAC3 and cloned into the pGADT7 vector. The ORF of
AtTrx m2 was ampliﬁed with primers Trx m2-Y2H-F and Trx m2-
Y2H-R and the PCR product was cloned into the pGBKT7 vector.
The constructed vectors, pGADT7-AtVDAC3 and pGBKT7-AtTrx m2,
were co-transformed into the Saccharomyces cerevisiae strain
Y2HGold and yeast culture was performed as described in [27].
To examine interactions between other proteins of the AtVDAC
family and AtTrx m2, the ORFs of AtVDAC1, AtVDAC2, and AtVDAC4
was ampliﬁed using primer pairs VDAC1-Y2H-F and VDAC1-Y2H-R,
VDAC2-Y2H-F and VDAC2-Y2H-R, and VDAC4-Y2H-F and VDAC4-
Y2H-R, respectively. Insertion of the products into the pGADT7
vector produced pGADT7-AtVDAC1, pGADT7-AtVDAC2, and
pGADT7-AtVDAC4. Each of these was co-transformed, along with
pGBKT7-AtTrx m2, and yeast culture was performed as described
in [27].
2.2. In vitro pull-down assay
For the in vitro pull-down assay of AtVDAC3 and AtTrx m2, the
ORF of each gene was ampliﬁed by PCR and the product was ligated
into vectors to produce fusion proteins with polyhistidine and glu-
tathione S-transferase, respectively. AtVDAC3 was ampliﬁed with
primers VDAC3-His-F and VDAC3-His-R and the PCR product was
cloned into the pQE30 vector in-frame to the C terminus of
6His-tag to generate pQE30-AtVDAC3. The resulting plasmid
was transferred into Escherichia coli strain M15 to produce His-
AtVDAC3 protein. AtTrx m2 was ampliﬁed with primers Trx m2-
GST-F and Trx m2-GST-R and the PCR product was cloned into
the pGEX-6p-3 vector to generate pGEX-6p-3-AtTrx m2, which
was transferred into E. coli strain BL21 to produce GST-AtTrx m2
protein. The total GST-AtTrx m2 fusion protein was prepared from
bacteria as described in [27,28]. The His-AtVDAC3 protein was
found in inclusion bodies, and was subjected to denaturing and
refolding. The precipitate containing the His-AtVDAC3 protein
was washed three times with washing buffer (50 mM Tris–HCl,
10 mM EDTA, 100 mM NaCl, 0.5% Triton X-100; pH 8.0) and was
then dissolved in an 8 M urea solution (10 mM Tris–HCl, pH 7.4)
for 4 h at room temperature. The supernatant containing the dena-
tured His-AtVDAC3 protein was transferred to a dialysis bag and
refolded at 4 C using a gradient of urea (6, 4, 2, 1, 0.5, and 0 M)
in 5 mM Tris–HCl buffer, pH 7.4. Dialysis with each concentration
in the urea gradient (starting with the 6 M urea buffer) was con-
ducted for 12 h. After the ﬁnal dialysis with 0 M urea buffer, thesoluble protein centrifuged from the dialysis bag was the refolded
His-AtVDAC3 protein.
A GST pull-down assay was conducted as described in [29].
Brieﬂy, crude extract of GST-AtTrx m2 fusion protein was bound
to Glutathione Sepharose 4 Fast Flow (GE Healthcare) according
to the manufacturer’s instructions. The resin was washed four
times with phosphate-buffered saline (PBS) and resuspended in
an extract solution containing His-AtVDAC3. After incubation with
gentle shaking at room temperature for 60 min, the bound proteins
were eluted from resin with 20 mM reduced glutathione at room
temperature. The elution, containing complexed GST-AtTrx m2
fusion protein and His-AtVDAC3 fusion protein, was analyzed by
immunoblotting. A pull-down assay of GST protein and His-
AtVDAC3 was performed as a negative control. Signals were
detected with CDP-Star (Tropix) using a Luminescent Image
Analyzer LAS-4000 (Fujiﬁlm, Japan).
2.3. Bimolecular ﬂuorescence complementation (BiFC) assay in BY2
protoplasts
The vector for BiFC was constructed by replacing the GFP in
pBS-35S-GFP with the N-terminus (154 aa) or C-terminus (80 aa)
of the mVenus plasmid, yielding pBS-35S: VN154 and pBS-35S:
VC80, respectively [30]. The ORF of AtVDAC3 was ampliﬁed with
primers VDAC3-GFP-F and VDAC3-GFP-R and cloned into pBS-
35S: VC80, generating pBS-35S: AtVDAC3-VC80 (AtVDAC3-GFPC).
The ORF of AtTrx m2 was ampliﬁed with primers Trx m2-GFP-F
and Trx m2-GFP-R and cloned into pBS-35S: VN154, generating
pBS-35S: AtTrx m2-VN154 (AtTrx m2-GFPN). The BiFC assay in
BY2 protoplasts was performed according to the Arabidopsis proto-
plast transformation method, with some modiﬁcations [31].
Tobacco BY2 cells were cultured in MS media containing 1 mg/
mL 2, 4-dichlorophenoxyacetic acid (2, 4-D) at 22 C in darkness
[32] and the protoplasts were prepared after 2–3 h digestion at
room temperature in darkness with enzyme solution containing
2% (wt/vol) Cellulase R10 and 0.4% (wt/vol) Macerozyme R10.
The protoplast-containing enzyme solution was ﬁltered through
a 75-lm nylon mesh wetted with W5 solution (154 mM NaCl,
125 mM CaCl2, 5 mM KCl, 2 mMMES, pH 5.8). After centrifugation,
the pellet was washed three times in W5. After counting the cells
under a microscope (100) using a hemocytometer, the protoplast
pellet was resuspended at 2  105 cells/mL in W5 solution. The
plasmids AtTrx m2-GFPN and AtVDAC3-GFPC (2.5 lg each) were
co-expressed in BY2 protoplasts. To the plasmid mixture, 5 lL sal-
mon sperm DNA (10 mg/mL), 100 lL protoplasts (2  104 proto-
plasts), and 110 lL 35% PEG-calcium transfection solution were
added and the resulting transfection mixture was agitated gently.
The transfection mixture was incubated at room temperature for
up to 15 min and then diluted with 440 lL W5 solution.
Protoplasts were centrifuged and resuspended gently with
500 lL W1 solution (0.5 M mannitol, 20 mM KCl, 4 mM MES,
pH5.7) in each well of a 12-well tissue culture plate. After proto-
plasts were incubated at 22 C for 16 to 20 h in darkness, ﬂuores-
cence was observed. Mitochondria were visualized by staining
with 100 nM MitoTracker Red (M7513, Molecular Probes) for
10 min at 25 C according to the manufacturer’s protocol.
Representative images were obtained using the Axio Vision ﬂuo-
rescent microscopy system (Axio Imager. Z2, Zeiss, Germany).
2.4. Subcellular localization assay
To construct GFP fusions, AtVDAC3 and AtTrx m2 ORFs were
moved from the vectors constructed for the BiFC assay by digest
with Kpn I and Spe I and cloned into pBI121-GFP. pBI121-
AtVDAC3-GFP was transformed into BY2 protoplasts. pBI121-GFP
(control) and pBI121-AtTrx m2-GFP were stably introduced into
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Protoplasts were prepared from transgenic leaves as described in
[31]. For AtVDAC3-GFP protoplasts, mitochondria were stained
with MitoTracker Red. Fluorescence was observed using the Axio
Vision ﬂuorescent microscopy system (Axio Imager. Z2, Zeiss,
Germany).
2.5. RNA isolation and quantitative real time PCR
We assayed gene expression in A. thaliana ecotype Columbia-0
(Col-0) tissues, sampling roots, stems, leaves, ﬂowers, and young
(green) siliques. Leaves were sampled at different stages (young
leaves, 20 d; mature leaves, 40 d; senescent leaves, 60 d). To exam-
ine expression under stress treatments, 3-week-old seedlings
grown in 1/2 MS plates at 22 C under 16-h light/8-h dark condi-
tion were transferred to 1/2 MS medium supplemented with one
of the following: 100 mM NaCl, 200 mM mannitol, or 10 mM
H2O2. The seedlings were then incubated for 6, 12, or 24 h. As a
control for each treatment, we used 1/2 MS medium with no sup-
plement. Roots and leaves were sampled separately. Total RNA was
isolated using a plant RNA extraction kit (YPH-Bio) and cDNA was
synthesized from 500 ng of the total RNA with PrimeScript Reverse
Transcriptase (Takara Bio) using an oligo (dT) primer, according to
the manufacturer’s instructions. The reaction mixtures were
diluted 10 times with distilled water and used as templates for
quantitative real time PCR (qRT-PCR), performed with the follow-
ing gene-speciﬁc primers: AtVDAC3: VDAC3-qF and VDAC3-qR;
AtTrx m2: Trx m2-qF and Trx m2-qR; AtActin2: Actin2-qF and
Actin2-qR. cDNA was ampliﬁed using TransStart Top Green qPCR
SuperMix (TransGen Biotech) on a Stratagene Mx3000P QCR sys-
tem (Agilent Technologies, USA). Relative expression levels were
calculated by the comparative CT method, using the Actin2 gene
as an internal control.
2.6. Measurement of reactive oxygen species (ROS) in AtVDAC3OE and
AtTrx m2OE plants
To make plant expression constructs, the ORF of AtVDAC3 was
ampliﬁed with primers VDAC3-OE-F and VDAC3-OE-R and cloned
into the pBI121 vector, generating pBI121-AtVDAC3. The ORF of
AtTrx m2 was ampliﬁed with primers Trx m2-OE-F and Trx
m2-OE-R and cloned into the pBI121 vector, generating pBI121-
AtTrx m2. Each construct was stably introduced into Arabidopsis
via A. tumefaciens-mediated ﬂoral dip [33]. The T2 generation
seedlings of AtVDAC3 and AtTrx m2 transgenic plants were
identiﬁed by northern hybridization. The leaves of 3-week-old
transgenic plants were ﬂoated on 1/2MS medium containing
100 mM NaCl for 4 h at 22 C, and the in situ accumulation of
O2 was determined using histochemical staining with nitroblue
tetrazolium, as described in [34]. In addition, 14-day-old
Arabidopsis seedlings were treated with 175 mM NaCl for 24 h
at 22 C, and H2O2 levels were quantiﬁed by absorbance at a
wavelength of 560 nm using FeSO4 and xylenol orange as
described in [35].
3. Results and discussion
3.1. AtVDAC3 interacts with AtTrx m2
Interactions between proteins or between proteins and
nucleic acids are the basis of many biological functions. To fully
understand the function of AtVDAC3 protein, we searched for
its interacting partners. With this goal in mind, we performed a
yeast two-hybrid screen using AtVDAC3 as the bait protein. The
results of the screen revealed the thioredoxin protein AtTrx m2(At4g03520). When grown on SD/–Leu/–Trp/–His/–Ade+AbA+X-
a-Gal medium, yeast cells from the Y2H screen formed a blue
colony only when both AtVDAC3 and AtTrx m2 were present,
but not when either was absent, indicating that AtVDAC3 and
AtTrx m2 are capable of interaction (Fig. 1a). To determine
whether other members of the Arabidopsis VDAC family interact
with AtTrx m2, we subjected AtVDAC1, AtVDAC2, and AtVDAC4
to the Y2H assay. Our results showed that none of the three
proteins resulted in characteristic blue colonies when co-
transformed yeast grown on selective medium (Fig. 1b). These
results indicate that, of the AtVDAC proteins, only AtVDAC3
speciﬁcally interacts with AtTrx m2 in the yeast cells examined
here.
A GST pull-down assay conﬁrmed the interaction in vitro
between AtVDAC3 and AtTrx m2. The anti-His antibody detected
His-AtVDAC3 signals only when both AtVDAC3 and AtTrx m2 were
present (Fig. 1c), indicating that AtVDAC3 is able to interact with
AtTrx m2 in vitro. The His-AtVDAC3 signals could not be detected
when the pull-down was performed for GST and His-AtVDAC3
(Fig. 1c), indicating that the refolded His-AtVDAC3 protein could
not bind with the GST tag.
The interaction between AtVDAC3 and AtTrx m2 was veriﬁed
in vivo by BiFC assay in tobacco BY2 cells. GFP ﬂuorescence was
detected in the mitochondria of BY2 protoplasts transformed with
the construct pair AtTrx m2-GFPN and AtVDAC3-GFPC (Fig. 1d),
consistent with the subcellular localization of AtVDAC3-GFP in
BY2 cells (Fig. 2a). These results demonstrate that AtVDAC3 inter-
acts with AtTrx m2 in mitochondria in vivo. Although AtTrx m2 is a
chloroplast protein (Fig. 2b), the localization of AtTrx m2 in cells
appears to be altered when it interacts with other proteins. AtTrx
m2 has been reported to interact with Arabidopsis glucose-6-phos-
phate dehydrogenase 4 (G6PD4) and 6-phosphogluconolactonase 3
(PGL3) in the cytosol [36,37].
3.2. Expression of AtVDAC3 and AtTrx m2 in plant tissues and under
stress conditions
To elucidate the functions of AtVDAC3 and AtTrx m2, we exam-
ined their expression proﬁles in greater detail. Fig. 3 showed the
transcript levels of AtVDAC3 and AtTrx m2 in various tissues and
under abiotic stress conditions, determined by qRT-PCR.
Accumulation of both AtVDAC3 and AtTrx m2 mRNA was observed
in all tissues studied; these were the highest in roots and ﬂowers,
respectively (Fig. 3a). For both AtVDAC3 and AtTrx m2 transcripts,
the lowest levels were detected in stems and senescent leaves. A
signiﬁcant difference in tissue-speciﬁc expression patterns
between AtVDAC3 and AtTrx m2 was noted: AtVDAC3 mRNA was
abundant in roots but low in leaves, while AtTrx m2 mRNA exhib-
ited the opposite pattern, being highly expressed in young and
mature leaves. These observations of AtTrx m2 expression are con-
sistent with reports that most plastidic thioredoxins (Trxs) are
preferentially expressed in leaves in response to light [38,39] and
that AtTrx m2 is mainly localized in chloroplasts. qRT PCR showed
that AtTrx m2 was also more abundantly expressed in leaves and
young seedlings [40], and ﬂuorescence from the preprotein of
AtTrx m2 fused with GFP was observed within plastids in
Arabidopsis cell protoplasts [41].
Previous studies examined the expression of both VDAC
[8–13,26] and Trxs [38,42–44] genes in response to biotic and abi-
otic stresses in plants. In this study, we also measured the induced
expression of AtVDAC3 and AtTrx m2 in response to abiotic stress.
Fig. 3b showed that both AtVDAC3 and AtTrx m2 were up-regulated
by exposure to 100 mM NaCl, 200 mMmannitol, and 10 mM H2O2,
indicating that AtVDAC3 and AtTrx m2 may be involved in theses
stress responses.
Fig. 1. AtVDAC3 interacts with AtTrx m2. (a) Yeast two-hybrid assay. Combinations of pGADT7 plasmid containing either no insert (vector) or AtVDAC3 and pGBKT7 plasmid
containing either no insert (vector) or AtTrx m2 were co-introduced into yeast cell, which were plated on selective media to determine activation of reporter genes. (b) Yeast
two-hybrid assay to determine interaction between each of the four Arabidopsis VDAC isoforms and AtTrx m2. (c) In vitro GST pull-down assay. His-AtVDAC3 and GST-AtTrx
m2 fusion proteins were expressed in E. coli. The presence or absence of each protein in the reaction mixture is indicated as + or , respectively, as per result of
immunoblotting with anti-GST or anti-His antibodies. The pull-down assay of GST and His-AtVDAC3 fusion protein is shown as negative control. Procedure was repeated in
triplicate and a representative result is shown. (d) In vivo bimolecular ﬂuorescence complementation (BiFC) assay. In BY2 cells protoplasts transformed with both AtTrx m2-
GFPN and AtVDAC3-GFPC, a GFP ﬂuorescence signal was detected. The protoplasts were stained with MitoTracker Red. A representative result is shown.
Fig. 2. GFP ﬂuorescence indicates subcellular localization in protoplasts. (a) AtVDAC3-GFP in BY2 protoplasts. (b) AtTrx m2-GFP in Arabidopsis protoplasts. (c) GFP in
Arabidopsis protoplasts. The protoplasts were also stained with MitoTracker Red. Scale bar = 10 lm.
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plants
To analyze the function of AtVDAC3 and AtTrx m2 under oxida-
tive stress in Arabidopsis, we generated transgenic plants over-
expressing these genes. For each gene, three independent T2generation transgenic lines were veriﬁed by northern blot analysis
(Fig. S1): VDAC3#1, VDAC3#3, and VDAC3#13 and Trx m2#4, Trx
m2#5, and Trx m2#9. We compared the phenotypes, fresh weights,
and root lengths of WT and transgenic seedlings in the absence and
presence of NaCl (Fig. 4a and b). Under control conditions (1/2MS
medium), no differences between WT, AtVDAC3OE transgenic lines
Fig. 4. Phenotypic and physiological analyses of AtVDAC3OE and AtTrx m2OE transgenic plants treated with NaCl. (a) Phenotypes of WT and AtVDAC3OE transgenic seedlings
treated with 150 mM NaCl. (b) Phenotypes of WT and AtTrx m2OE transgenic seedlings treated with 175 mM NaCl. (c) Visualization of O2 by NBT staining in leaves of 3-week-
old transgenic plants treated in 1/2MS (top row) and 100 mM NaCl (bottom row) for 4 h. The bluish color represents the accumulated O2. (d) H2O2 contents of transgenic 3-
week-old transgenic plants treated in 1/2MS or 175 mM NaCl for 24 h. Experiments were performed in triplicate. Single and double asterisks indicate signiﬁcant differences
from WT at P < 0.05 and P < 0.01, respectively.
Fig. 3. qRT-PCR expression proﬁles of AtVDAC3 and AtTrx m2. (a) AtVDAC3 and AtTrx m2 expression in Arabidopsis tissues. (b) AtVDAC3 and AtTrx m2 expression in Arabidopsis
leaves and roots after exposure to abiotic stress. Total RNA (10 lg) was extracted from Arabidopsis leaves and roots treated with 100 mM NaCl, 200 mM mannitol, or 10 mM
H2O2.
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Exposure to NaCl inhibited the growth of WT seedlings (Fig. 4).
However, in the presence of 150 mM NaCl, the three AtVDAC3OE
transgenic lines showed greater inhibition of root and leaf growth
than WT, and their fresh weights and root lengths were much
lower than WT in this stress condition (Fig. 4a). In contrast, in
the presence of 175 mM NaCl, growth of the AtTrx m2OE transgeniclines was not as severely inhibited as that of WT. In this condition,
the fresh weights and root lengths of AtTrx m2OE transgenic lines
were considerably higher than those of WT plants (Fig. 4b).
When plants are exposed to oxidative stress, including NaCl
stress, the production of ROS such as hydrogen peroxide (H2O2)
and superoxide anion (O2) increases, injuring the plant cells [42].
VDACs are involved in O2 release and NADH oxidation, which
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observed in leaves of Nicotiana benthamiana overexpressing
VDAC, but is inhibited in VDACs-silenced N. benthamiana during
avirulent pathogen infections [11]. H2O2 accumulation is also
inhibited in vdac1-knockout Arabidopsis [14]. Previous studies have
also shown thioredoxins to be key actors in plant tolerance and
response to oxidative stress [42]. The leaves of TRX-F/TRX-M
silenced pea plants accumulate higher levels of O2 and H2O2, con-
ﬁrming that Trx genes not only regulate photosynthesis and
chlorophyll synthesis, but are involved in ROS metabolism [46].
Therefore, we assumed that over-expression of AtVDAC3 and
AtTrx m2 might also disturb the metabolic balance of ROS in
Arabidopsis. NBT staining demonstrated that treatment with NaCl
induced the accumulation of O2 in the leaves of AtVDAC3OE and
AtTrx m2OE transgenic lines and WT plants (Fig. 4c). In the presence
of 100 mMNaCl, the accumulation of O2 in the leaves of AtVDAC3OE
transgenic lines was indistinguishable from that of WT plants.
However, less O2 accumulated in the leaves of AtTrx m2OE trans-
genic lines than WT plants (Fig. 4c). Similar results were obtained
for measurements of H2O2 content. As shown in Fig. 4d, under NaCl
stress, H2O2 accumulation in AtVDAC3OE transgenic lines was
higher than in WT plants. In contrast, under both control and
NaCl stress conditions, AtTrx m2OE transgenic lines accumulated
lower levels of H2O2 thanWT plants (Fig. 4d). These results suggest
that AtVDAC3 and AtTrx m2 are involved in ROS signals in plants
and they play opposite roles in response to NaCl stress.
Thioredoxins are known to serve as electron donors for cys-
teine-containing proteins, and thereby contribute to the reduction
of their disulﬁde bonds [47]. In Arabidopsis, four Trx m members
(Trx m1–Trx m4) were found in chloroplasts [48]. With the excep-
tion of Trx m3, the capacity of these thioredoxin proteins to reduce
2-Cys peroxiredoxin (Prx) was reasonably-efﬁcient in vitro [40,41].
Thioredoxins are assumed to prevent oxidative damage by provid-
ing reducing power to target proteins, modulating the activity of
enzymes that directly scavenging ROS, or controlling protein redox
status in oxidative stress-linked signaling pathways [44,49].
Tobacco plants (Nicotiana tabacum L.) overexpressing plastidial
m-type Trx were more tolerant than the WT when exposed to
oxidative stress conditions generated by methyl viologen, and
speciﬁcally displayed an increased activity of methionine sulfoxide
reductases, which repaired damaged proteins by regenerating
methionine from oxidized methionine [50]. The Trx m from N.
tabacum also exhibited chaperone function upon the imposition
of oxidative stress, which could facilitate the reactivation of the
cysteine-free form of chemically denatured G6PD (foldase chaper-
one activity) and prevent heat-induced malate dehydrogenase
aggregation (holdase chaperone activity) in vitro [51]. In the pre-
sent study, we found that Trx m2 from Arabidopsis could enhance
transgenic plant tolerance and reduce ROS accumulation under
NaCl stress (Figs. 3b and 4b –d). A previous study reported that
AtTrx m2 could complement the H2O2-sensitive phenotype of
thioredoxin-deﬁcient yeast cells [52]. Furthermore, AtTrx m2 was
also shown to participate in the oxidative pentose-phosphate
pathway (OPPP) by inﬂuencing the dual-targeting of G6PD and
PGL3 [36,37], and the activity of G6PD1 was regulated by the
Arabidopsis m-type thioredoxins in a redox-dependent manner
in vitro [53]. These results indicate the importance of AtTrx m2
in carbon metabolism and oxidative stress defenses.
VDACs may impact cellular redox metabolism via ﬂuxes of ions
and metabolites or NADH oxidation, however, the mechanisms by
which VDACs contribute to plant defense are still unclear
[2,4,54,55]. In the present study, AtVDAC3 was shown to be
involved in the response to NaCl stress, and in ROS production
induced by NaCl stress (Fig. 4a, c and d). Nevertheless, the mecha-
nism underlying the regulation of ROS production by VDACs is still
unknown. The production of O2 from rat heart mitochondria wasinhibited after the closure of VDACs with a speciﬁc inhibitor, indi-
cating that the state of VDACs could inﬂuence the release of O2
frommitochondria to the cytosol [45]. Therefore, the accumulation
of ROS in transgenic Arabidopsis overexpressing-AtVDAC3 under
NaCl stress might be attributed to the excessive opening of
AtVDAC3 channel. In this study, we conﬁrmed the interaction
between AtVDAC3 and AtTrx m2 in the mitochondria, and both
proteins were shown to affect ROS production induced by NaCl
stress. However, our data could not explain the mechanism and
function of the interaction between AtVDAC3 and AtTrx m2. The
interaction between VDAC and certain other proteins could change
the state of channels. For example, in response to an apoptotic sig-
nal, recombinant Bcl-xL from human was shown to maintain
metabolite exchange across the outer mitochondrial membrane
by inhibiting VDAC closure [56]. Therefore, we speculate that
AtTrx m2 might maintain the closure of AtVDAC3 channel via an
interaction under oxidizing conditions, which could reduce the
generation of ROS.
Acknowledgements
This work was supported by a program for Changjiang Scholars
and Innovative Research Team in University (PCSIRT, IRT13053) to
Shenkui Liu and a grant from the Fundamental Research Funds for
the Central Universities (2572014DA06) to Xinxin Zhang.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2015.03.
034.
References
[1] Shoshan-Barmatz, V., De Pinto, V., Zweckstetter, M., Raviv, Z., Keinan, N. and
Arbel, N. (2010) VDAC, a multi-functional mitochondrial protein regulating
cell life and death. Mol. Aspects Med. 31, 227–285.
[2] Homblé, F., Krammer, E.-M. and Prévost, M. (2012) Plant VDAC: facts and
speculations. Biochim. Biophys. Acta Biomembr. 1818, 1486–1501.
[3] Rostovtseva, T.K. (2012) VDAC structure, function, and regulation of
mitochondrial and cellular metabolism. Biochim. Biophys. Acta 1818, 1437.
[4] Takahashi, Y. and Tateda, C. (2013) The functions of voltage-dependent anion
channels in plants. Apoptosis 18, 917–924.
[5] McCommis, K.S. and Baines, C.P. (2012) The role of VDAC in cell death: friend
or foe? Biochim. Biophys. Acta Biomembr. 1818, 1444–1450.
[6] Barmatz Shoshan, V., Keinan, N., Abu-Hamad, S., Tyomkin, D. and Aram, L.
(2010) Apoptosis is regulated by the VDAC1 N-terminal region and by VDAC
oligomerization: release of cytochrome c, AIF and Smac/Diablo. Biochim.
Biophys. Acta Bioenerg. 1797, 1281–1291.
[7] Godbole, A. (2003) VDAC is a conserved element of death pathways in plant
and animal systems. Biochim. Biophys. Acta Mol. Cell Res. 1642, 87–96.
[8] Al Bitar, F., Roosens, N., Smeyers, M., Vauterin, M., Van Boxtel, J., Jacobs, M. and
Homble, F. (2003) Sequence analysis, transcriptional and posttranscriptional
regulation of the rice vdac family. Biochim. Biophys. Acta 1625, 43–51.
[9] Roosens, N., Al Bitar, F., Jacobs, M. and Homble, F. (2000) Characterization of a
cDNA encoding a rice mitochondrial voltage-dependent anion channel and its
gene expression studied upon plant development and osmotic stress. Biochim.
Biophys. Acta 1463, 470–476.
[10] Lee, S.M., Hoang, M.H., Han, H.J., Kim, H.S., Lee, K., Kim, K.E., Kim, D.H., Lee, S.Y.
and Chung, W.S. (2009) Pathogen inducible voltage-dependent anion channel
(AtVDAC) isoforms are localized to mitochondria membrane in Arabidopsis.
Mol. Cells 27, 321–327.
[11] Tateda, C., Yamashita, K., Takahashi, F., Kusano, T. and Takahashi, Y. (2008)
Plant voltage-dependent anion channels are involved in host defense against
Pseudomonas cichorii and in Bax-induced cell death. Plant Cell Rep. 28, 41–51.
[12] Desai, M.K., Mishra, R.N., Verma, D., Nair, S., Sopory, S.K. and Reddy, M.K.
(2006) Structural and functional analysis of a salt stress inducible gene
encoding voltage dependent anion channel (VDAC) from pearl millet
(Pennisetum glaucum). Plant Physiol. Biochem. 44, 483–493.
[13] Wandrey, M. (2004) Molecular and cell biology of a family of voltage-
dependent anion channel porins in Lotus japonicus. Plant Physiol. 134, 182–
193.
[14] Tateda, C., Watanabe, K., Kusano, T. and Takahashi, Y. (2011) Molecular and
genetic characterization of the gene family encoding the voltage-dependent
anion channel in Arabidopsis. J. Exp. Bot. 62, 4773–4785.
M. Zhang et al. / FEBS Letters 589 (2015) 1207–1213 1213[15] Robert, N., d’Erfurth, I., Marmagne, A., Erhardt, M., Allot, M., Boivin, K., Gissot,
L., Monachello, D., Michaud, M., Duchêne, A.M., Barbier-Brygoo, H., Maréchal-
Drouard, L., Ephritikhine, G. and Filleur, S. (2012) Voltage-dependent-anion-
channels (VDACs) in Arabidopsis have a dual localization in the cell but show a
distinct role in mitochondria. Plant Mol. Biol. 78, 431–446.
[16] Tateda, C., Kusano, T. and Takahashi, Y. (2014) The Arabidopsis voltage-
dependent anion channel 2 is required for plant growth. Plant Signal. Behav. 7,
31–33.
[17] Yan, J., He, H., Tong, S., Zhang, W., Li, X. and Yang, Y. (2009) Voltage-dependent
anion channel 2 of Arabidopsis thaliana (AtVDAC2) is involved in ABA-
mediated early seedling development. Int. J. Mol. Sci. 10, 2476–2486.
[18] Li, Z.Y., Xu, Z.S., He, G.Y., Yang, G.X., Chen, M., Li, L.C. and Ma, Y. (2013) The
voltage-dependent anion channel 1 (AtVDAC1) negatively regulates plant cold
responses during germination and seedling development in Arabidopsis and
interacts with calcium sensor CBL1. Int. J. Mol. Sci. 14, 701–713.
[19] Heazlewood, J.L., Pan, X., Chen, Z., Yang, X. and Liu, G. (2014) Arabidopsis
voltage-dependent anion channel 1 (AtVDAC1) is required for female
development and maintenance of mitochondrial functions related to energy-
transaction. PLoS One 9, e106941.
[20] Pastorino, J.G. and Hoek, J.B. (2008) Regulation of hexokinase binding to VDAC.
J. Bioenerg. Biomembr. 40, 171–182.
[21] Huang, H., Hu, X., Eno, C.O., Zhao, G., Li, C. and White, C. (2013) An interaction
between Bcl-xL and the voltage-dependent anion channel (VDAC) promotes
mitochondrial Ca2+ uptake. J. Biol. Chem. 288, 19870–19881.
[22] Cheng, E.H., Sheiko, T.V., Fisher, J.K., Craigen, W.J. and Korsmeyer, S.J. (2003)
VDAC2 inhibits BAK activation and mitochondrial apoptosis. Science 301,
513–517.
[23] Schwarzer, C., Barnikol-Watanabe, S., Thinnes, F.P. and Hilschmann, N. (2002)
Voltage-dependent anion-selective channel (VDAC) interacts with the dynein
light chain Tctex1 and the heat-shock protein PBP74. Int. J. Biochem. Cell Biol.
34, 1059–1070.
[24] Martel, C., Allouche, M., Esposti, D.D., Fanelli, E., Boursier, C., Henry, C.,
Chopineau, J., Calamita, G., Kroemer, G., Lemoine, A. and Brenner, C. (2013)
Glycogen synthase kinase 3-mediated voltage-dependent anion channel
phosphorylation controls outer mitochondrial membrane permeability
during lipid accumulation. Hepatology 57, 93–102.
[25] Tang, D., Zhang, X., Bian, X. and Kong, J. (2014) The proapoptotic protein BNIP3
interacts with VDAC to induce mitochondrial release of endonuclease G. PLoS
One 9, e113642.
[26] Yang, X.Y., Chen, Z.W., Xu, T., Qu, Z., Pan, X.D., Qin, X.H., Ren, D.T. and Liu, G.Q.
(2011) Arabidopsis kinesin KP1 speciﬁcally interacts with VDAC3, a
mitochondrial protein, and regulates respiration during seed germination at
low temperature. Plant Cell 23, 1093–1106.
[27] Guo, K., Bu, Y., Takano, T., Liu, S. and Zhang, X. (2013) Arabidopsis cysteine
proteinase inhibitor AtCYSb interacts with a Ca2+-dependent nuclease,
AtCaN2. FEBS Lett. 587, 3417–3421.
[28] Zhang, M., Takano, T., Liu, S. and Zhang, X. (2014) Abiotic stress response in
yeast and metal-binding ability of a type 2 metallothionein-like protein
(PutMT2) from Puccinellia tenuiﬂora. Mol. Biol. Rep. 41, 5839–5849.
[29] Kansup, J., Tsugama, D., Liu, S. and Takano, T. (2014) Arabidopsis G-protein b
subunit AGB1 interacts with NPH3 and is involved in phototropism. Biochem.
Biophys. Res. Commun. 445, 54–57.
[30] Tsugama, D., Liu, S. and Takano, T. (2012) A putative myristoylated 2C-type
protein phosphatase, PP2C74, interacts with SnRK1 in Arabidopsis. FEBS Lett.
586, 693–698.
[31] Yoo, S.D., Cho, Y.H. and Sheen, J. (2007) Arabidopsis mesophyll protoplasts: a
versatile cell system for transient gene expression analysis. Nat. Protoc. 2,
1565–1572.
[32] Miao, Y. and Jiang, L. (2007) Transient expression of ﬂuorescent fusion
proteins in protoplasts of suspension cultured cells. Nat. Protoc. 2, 2348–2353.
[33] Clough, S.J. and Bent, A.F. (1998) Floral dip: a simpliﬁed method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16,
735–743.
[34] Hoffmann, A., Hammes, E., Plieth, C., Desel, C., Sattelmacher, B. and Hansen,
U.P. (2005) Effect of CO2 supply on formation of reactive oxygen species in
Arabidopsis thaliana. Protoplasma 227, 3–9.
[35] Xue, T., Li, X., Zhu, W., Wu, C., Yang, G. and Zheng, C. (2009) Cotton
metallothionein GhMT3a, a reactive oxygen species scavenger, increased
tolerance against abiotic stress in transgenic tobacco and yeast. J. Exp. Bot. 60,
339–349.
[36] Meyer, T., Hölscher, C., Schwöppe, C. and von Schaewen, A. (2011) Alternative
targeting of Arabidopsis plastidic glucose-6-phosphate dehydrogenase G6PD1involves cysteine-dependent interaction with G6PD4 in the cytosol. Plant J. 66,
745–758.
[37] Holscher, C., Meyer, T. and von Schaewen, A. (2013) Dual-targeting of
Arabidopsis 6-phosphogluconolactonase 3 (PGL3) to chloroplasts and
peroxisomes involves interaction with Trx m2 in the cytosol. Mol. Plant 7,
252–255.
[38] Lemaire, S.D., Michelet, L., Zaffagnini, M., Massot, V. and Issakidis-Bourguet, E.
(2007) Thioredoxins in chloroplasts. Curr. Genet. 51, 343–365.
[39] Gelhaye, E., Rouhier, N., Navrot, N. and Jacquot, J.P. (2005) The plant
thioredoxin system. Cell. Mol. Life Sci. 62, 24–35.
[40] Bohrer, A.S., Massot, V., Innocenti, G., Reichheld, J.P., Issakidis-Bourguet, E. and
Vanacker, H. (2012) New insights into the reduction systems of plastidial
thioredoxins point out the unique properties of thioredoxin z from
Arabidopsis. J. Exp. Bot. 63, 6315–6323.
[41] Collin, V., Issakidis-Bourguet, E., Marchand, C., Hirasawa, M., Lancelin, J.M.,
Knaff, D.B. and Miginiac-Maslow, M. (2003) The Arabidopsis plastidial
thioredoxins: new functions and new insights into speciﬁcity. J. Biol. Chem.
278, 23747–23752.
[42] Laloi, C., Ortega Mestres, D., Marco, Y., Meyer, Y. and Reichheld, J.P. (2004) The
Arabidopsis cytosolic thioredoxin h5 gene induction by oxidative stress and its
W-box-mediated response to pathogen elicitor. Plant Physiol. 134, 1006–
1016.
[43] Vieira Dos Santos, C. and Rey, P. (2006) Plant thioredoxins are key actors in the
oxidative stress response. Trends Plant Sci. 11, 329–334.
[44] Collin, V., Issakidis-Bourguet, E., Marchand, C., Hirasawa, M., Lancelin, J.M.,
Knaff, D.B. and Maslow Miginiac, M. (2003) The Arabidopsis plastidial
thioredoxins: new functions and new insights into speciﬁcity. J. Biol. Chem.
278, 23747–23752.
[45] Han, D., Antunes, F., Canali, R., Rettori, D. and Cadenas, E. (2002) Voltage-
dependent anion channels control the release of the superoxide anion from
mitochondria to cytosol. J. Biol. Chem. 278, 5557–5563.
[46] Luo, T., Fan, T., Liu, Y., Rothbart, M., Yu, J., Zhou, S., Grimm, B. and Luo, M.
(2012) Thioredoxin redox regulates ATPase activity of magnesium chelatase
CHLI subunit and modulates redox-mediated signaling in tetrapyrrole
biosynthesis and homeostasis of reactive oxygen species in pea plants. Plant
Physiol. 159, 118–130.
[47] Vieira Dos Santos, C., Laugier, E., Tarrago, L., Massot, V., Issakidis-Bourguet, E.,
Rouhier, N. and Rey, P. (2007) Speciﬁcity of thioredoxins and glutaredoxins as
electron donors to two distinct classes of Arabidopsis plastidial methionine
sulfoxide reductases B. FEBS Lett. 581, 4371–4376.
[48] Mestres-Ortega, D. and Meyer, Y. (1999) The Arabidopsis thaliana genome
encodes at least four thioredoxins m and a new prokaryotic-like thioredoxin.
Gene 240, 307–316.
[49] Chibani, K., Tarrago, L., Gualberto, J.M., Wingsle, G., Rey, P., Jacquot, J.P. and
Rouhier, N. (2012) Atypical thioredoxins in poplar: the glutathione-dependent
thioredoxin-Like 2.1 supports the activity of target enzymes possessing a
single redox active cysteine. Plant Physiol. 159, 592–605.
[50] Rey, P., Sanz-Barrio, R., Innocenti, G., Ksas, B., Courteille, A., Rumeau, D.,
Issakidis-Bourguet, E. and Farran, I. (2013) Overexpression of plastidial
thioredoxins f and m differentially alters photosynthetic activity and
response to oxidative stress in tobacco plants. Front. Plant Sci. 4, 390.
[51] Sanz-Barrio, R., Fernandez-San Millan, A., Carballeda, J., Corral-Martinez, P.,
Segui-Simarro, J.M. and Farran, I. (2012) Chaperone-like properties of tobacco
plastid thioredoxins f and m. J. Exp. Bot. 63, 365–379.
[52] Issakidis-Bourguet, E., Mouaheb, N., Meyer, Y. and MaslowMiginiac, M. (2001)
Heterologous complementation of yeast reveals a new putative function for
chloroplast m-type thioredoxin. Plant J. 25, 127–135.
[53] Née, G., Zaffagnini, M., Trost, P. and Issakidis-Bourguet, E. (2009) Redox
regulation of chloroplastic glucose-6-phosphate dehydrogenase: a new role
for f-type thioredoxin. FEBS Lett. 583, 2827–2832.
[54] Tikunov, A., Johnson, C.B., Pediaditakis, P., Markevich, N., Macdonald, J.M.,
Lemasters, J.J. and Holmuhamedov, E. (2010) Closure of VDAC causes oxidative
stress and accelerates the Ca(2+)-induced mitochondrial permeability
transition in rat liver mitochondria. Arch. Biochem. Biophys. 495, 174–181.
[55] Kusano, T., Tateda, C., Berberich, T. and Takahashi, Y. (2009) Voltage-
dependent anion channels: their roles in plant defense. Plant Cell Rep. 28,
1301–1308.
[56] Vander Heiden, M.G., Li, X.X., Gottleib, E., Hill, R.B., Thompson, C.B. and
Colombini, M. (2001) Bcl-xL promotes the open conﬁguration of the voltage-
dependent anion channel and metabolite passage through the outer
mitochondrial membrane. J. Biol. Chem. 276, 19414–19419.
